Homonuclear cobalt and iron clusters Co N and Fe N measured in a cryogenic molecular beam exist in two states with distinct magnetic moments (), polarizabilities, and ionization potentials, indicating distinct valences. The is approximately quantized: N $ 2N B in the ground states and N Ã $ N B in the excited states for Co; N $ 3N B and N Ã $ N B for Fe. At a large size, the average of the two states converges to the bulk value with diminishing ionization potential differences. The experiments suggest localized ferromagnetism in the two states and that itinerant ferromagnetism emerges from their superposition. DOI Electronic band theory explains itinerant ferromagnetism of bulk crystalline iron and cobalt in terms of a global population imbalance of partially filled electronic spin-up and spin-down bands of itinerant electrons [1] . The itinerant or localized nature of metallic ferromagnetism has been intensely debated for over a half century starting with pioneers of the quantum theory of solids coinciding with the development of band theory [1] [2] [3] [4] [5] . Nevertheless, ferromagnetism of iron and cobalt is still not fully understood. Following the evolution of ferromagnetism as a function of size can provide deep insight into this fundamental problem. It not only demonstrates the evolution of magnetism from isolated atoms to the bulk, but it also relates to the local magnetic order in small magnetic domains [2, 3] .
Previous measurements showed that the magnetic moments of cold small Co clusters and Fe clusters are enhanced: For Co N , N =N % 2 B while for Fe N , N =N % 3 B . For larger clusters (N > 700) the magnetic moments converge to their respective noninteger bulk values [6] [7] [8] of N =N % 1:7 B and 2:2 B for Co and Fe, respectively. Since surface atom spins are expected to be more localized and have increased magnetic moments, it is reasonable to attribute this convergence to the diminishing role of the surface [9] [10] [11] [12] [13] [14] . However, the observed convergence is much too rapid to be explained by geometry alone [6, 13, 14] : For a cluster of 700 atoms, more than 40% of the atoms are on the surface; however, the moments already converge to the bulk value. Consequently, other factors must be important.
We show here that all small Fe and Co clusters exist in two states: high magnetic moment ground states (HS) and low magnetic moment excited states (LS) that are metastable. For both Co and Fe clusters, the magnetic moments N Ã =N of the LS are approximately 1 B , which is lower than the bulk value, while the magnetic moments N =N of the HS are, respectively, approximately 2 B and 3 B . We find that the HS and the LS become degenerate for a large size, while ionization potential measurements indicate that the energy gap between these two states closes with an increasing size, suggesting that the itinerant ferromagnetic state in clusters evolves from two states with different chemical valences. It is important to realize that previous experiments did not resolve these two states but rather measured an average of the two. Specifically, it is the ensemble average magnetic of the HS and the LS that rapidly converges to the bulk rather than either one of these states. This is a central observation in these experiments.
Cluster magnetic moments N are determined by deflecting cold cluster beams (20 K T 100 K) in an inhomogeneous magnetic field B [6, [15] [16] [17] . The magnetization M of a specific cluster is the average projection of its magnetic moment along the magnetic field direction, which depends on the state of the cluster. The cluster deflection is linearly proportional to its magnetization:
¼ KðdB=dzÞ=ðmv 2 ÞM, where m is the mass of the cluster, v is its speed, and K is a constant that depends on the geometry of the apparatus. The probability distributions of magnetizations PðMÞ of an ensemble of clusters of a given size is determined from the shape of the deflected beam. The average magnetization hMi of this ensemble produced in a cluster source at temperature T approximately follows the Langevin function L: hMi ¼ LðB=k B TÞ, where k B is the Boltzmann constant [17] [18] [19] . Hence, for each cluster size N, N can be extracted from hMi N .
In brief, the experimental methods are as follows (for details, see Refs. [6, [15] [16] [17] 20] ). A yttrium aluminum garnet laser vaporizes a small amount of metal from the sample rod located in the source. Simultaneously, a pulse of cryogenically cooled helium gas is injected into the source. The metal vapor is cooled and condenses into clusters. The clusters dwell in the cold source for about 1 ms, after which they exit the nozzle into the vacuum chamber, resulting in a beam of clusters. The cluster beam is collimated by 0:1 mm Â 5 mm slits. After traveling $1 m in high vacuum, the beam passes between the pole faces of a Stern-Gerlach magnet that causes the magnetic clusters to deflect. The neutral clusters enter the detector chamber, where they are photoionized with light from a [8] . It is known that cluster metastable states are produced in the source under certain source conditions, for example, by reducing the amount of cold helium gas injected into the source [20] . We find that this causes two component magnetic deflections for all of the clusters in the beam [ Fig. 1(b) ]. The deflections of the first peak correspond to the HS component and are identical to those in Fig. 1(a) . The second peaks correspond to the LS component (Co N Ã ). We carefully ruled out artifacts, specifically those involving bimodal operation of the source; in fact, the effect was observed in three different sources. Moreover, others seem also to have observed the effect [7] . The speed distribution of the LS clusters is identical to that of the HS clusters, indicating that the translational temperature (and the rotational temperature) is equilibrated with the source [21] . For Co N we find that the magnetic moment and, hence, the spin of the LS is about half of that of the ground state. The magnetic moments themselves are found not to depend on source conditions, providing further confidence in the interpretation. The LS appears for all cluster sizes, temperatures, and magnetic field ranges (20 N 200, 20 K T 100 K, 0 T B 2 T) in our experiments. Figures 1(d)-1(f) show the same effect for Fe clusters.
The following experiment confirms that the low magnetic moment states are indeed metastable. The Co cluster beam was illuminated with a pulse of 500 nm laser light before it entered the magnetic field. The PðMÞ are compared with those without laser heating. As can be seen in Figs. 2(a)-2(c) , intensity in PðMÞ is transferred from the Co N peak to the Co N Ã peak. Apparently, absorption of one (or at most a few) photon converts a fraction of the clusters from the HS to the LS; however, the cluster temperature (determined from the magnetization) is not significantly affected.
The IPs of the two states were derived from their ionization efficiencies. These were determined by recording the cluster ion intensity as a function of laser wavelength from 250 to 215 nm. the order of 0.1 eV for small clusters and vanishes for larger clusters (N > 150). Note that for Co N , the IP N are particularly high for N ¼ 34 and N ¼ 40, which suggests electronic shell effects [21] . For HS Co clusters, N =N decreases slightly with increasing N and converges to about 2 B at N $ 150 [ Fig. 3(a) ]. For Fe N , N =N is close to 3 B [ Fig. 3(b) ] for all N. The magnetic moments N Ã =N of LS Co and Fe clusters converge to 1 B for both Co N Ã and Fe N Ã (Fig. 3) . The electric dipole polarizabilities of Co and Fe clusters are measured by deflecting the cluster beam in an inhomogeneous electric field [16] . For Co clusters [ Fig. 4(a) ], the HS polarizabilities N have larger values than the LS polarizabilities N Ã . The HS clusters show remarkable large undulations, whereas the LS polarizabilities decrease monotonically. For Fe clusters, N and N Ã are similar [ Fig. 4(b) ].
The polarizability of a classical metal sphere is R N 3 , where R N ¼ R 1 N 1=3 is the classical cluster radius. The electronic spill-out effect enhances the polarizability:
, where d is of the order of 1 Å [22] . The 4s electrons are more delocalized than the 3d electrons so that they spill out more than the 3d electrons. Consequently, they are primarily responsible for the enhanced polarizabilities and for shell structure effects. Hence, the structure in the polarizabilities of Co N and the absence of structure in Co N Ã suggests that Co N clusters have 4s electrons while Co N Ã do not. This is also consistent with the shell structure in the IP measurements of Co N . In contrast, the polarizabilities of Fe N and Fe N Ã are rather similar and featureless [ Fig. 4(b) ].
In summary, Co and Fe clusters exhibit two distinct magnetic states: a HS (for Co N , N =N % 2 B ; for It is clear that the clusters in either state resemble Heisenberg magnets (with ferromagnetically aligned spins localized on the atomic sites) rather than itinerant ferromagnets (with delocalized spins and noninteger moments). Accordingly, total spin in the HS is S HS ¼ NS 1 , where S 1 ¼ 3=2 for Fe and 1 for Co, and for the LS S LS ¼ NS 2 , where S 2 ¼ 1=2 for both Co and Fe. Apparently, itinerant ferromagnetism with the noninteger magnetic moments somehow evolves from these two states.
Free clusters have some similarities with supported magnetic nanostructures (i.e., magnetic atomic chains and magnetic thin films). In both cases the reduced atomic coordination decreases the interatomic overlap of electronic, thereby localizing valence electronics and enhancing the magnetic moments [6] [7] [8] 23] . The absence of translational symmetry in free clusters further localizes, in particular, the 3d electrons [24] , whose bandwidth is already narrow in the bulk limit. In contrast, the 4s electrons are delocalized (with a corresponding large bandwidth) and they are not spin polarized. Since the Co and Fe atomic 3d electrons are localized, they obey Hund's rules. However, in contrast to atoms, the orbital angular momentum is quenched (since spherical symmetry is broken), and the magnetic moments result only from electronic spins. Consequently, ferromagnetism is Heisenberg-like [5] rather than Stoner-like [1] , which explains the observed integer magnetic moment per atom in the ground state. Specifically, the observed ground state magnetic moments indicate an atomic spin state (considering only the atomic d electrons) S ¼ 3=2 for Fe N and S ¼ 1 for Co clusters. This corresponds with an atomic electronic orbital configuration 3d " 5 3d [22] from the latter to the former, which explains the metastability of the excited state.
Our experiments show that both Co clusters and Fe clusters of all sizes have a stable HS and a metastable LS. One might naively assume that the LS represents an excited state of the HS since thermal excitations cause spins to misalign, reducing the overall magnetic moment, but this possibility is categorically contradicted by the experiment: To reduce the magnetic moment by a factor of 2 for Co (and 3 for Fe), as would be necessary, would require precise cluster size-dependent temperatures approaching the cluster Curie temperatures ($ 1200 K for Co and $800 K for Fe; see Fig. 2 in Ref. [6] ). In stark contrast, the temperatures (deduced from the magnetization as explained above) for both the HS and LS are close to the cluster source temperature ( $ 20 K).
The metastability of the LS is a secondary effect that probably results from the significantly different electronic structures. In fact, the Falicov-Kimball model explains the metastability in such cases as well as the degeneracy of these two states as shown in more detail in Ref. [26] .
The extensive literature on cluster magnetism has not described the LS. This work presents the theoretical challenge to explain the LS state, which has the following properties: (i) The LS exists for all clusters of Fe and Co; (ii) the LS-HS energy gap diminishes and ultimately vanishes with increasing cluster size; (iii) the LS and HS represent different electronic structures with magnetic moments that are approximately quantized (on a per atom basis), consistent with different valence states; (iv) the ensemble average magnetic moment of the HS and LS converge to the bulk magnetic moments for both Fe and Co. (See [26] for a suggestion.)
In conclusion, we have experimentally demonstrated that all Fe and Co clusters have a ground state and a metastable state with corresponding approximately integer per atom magnetic moments that are, respectively, higher and lower than the bulk value. The two states become energetically degenerate for sufficiently large clusters to produce an average that closely corresponds with the bulk magnetic moments of these two metals. These experiments are readily reconciled with earlier work that demonstrated a rapid convergence of the magnetic moment to noninteger bulk values. Since the two magnetic states were not resolved in those experiments, they actually demonstrated that the ensemble average magnetic moment of these two states converges to the bulk magnetic moment value. This can hardly be an accident, but it rather strongly suggests that itinerant magnetism in these metals can be seen as evolving from these two states that become degenerate, mix, and ultimately produce the bulk itinerant ferromagnetic state.
